This paper proposes accurate partial shading modeling of photovoltaic (PV) system. The main contribution of this work is the utilization of the two-diode model to represent the PV cell. This model requires only four parameters and known to have better accuracy at low irradiance level, allowing for more accurate prediction of PV system performance during partial shading condition. The proposed model supports a large array simulation that can be interfaced with MPPT algorithms and power electronic converters. The accurateness of the modeling technique is validated by real time simulator data and compared with the three other types of modeling, namely Neural Network, P&O and single-diode model. It is envisaged that the proposed work is very useful for PV professionals who require simple, fast and accurate PV model to design their systems.
Introduction
Photovoltaic (PV) power system is envisaged to become an important renewable energy source due to its pollution-free and inexhaustible nature. Large scale PV power systems have been commercialized in numerous countries due to their substantial long term benefits, generous fed-in tariff schemes and other initiatives provided by governments to promote sustainable green energy. However, due to the high investment cost on PV modules, optimal utilization of the available solar energy has to be ensured. This necessitates a precise and reliable simulation of the designed PV systems prior to installation.
The most important component that affects the accuracy of the simulation is the PV cell model. Modeling of PV cell involves the estimation of the I-V and P-V characteristics curves to emulate the real cell under various environmental conditions. The most popular approach is to utilize the electrical equivalent circuit, which is primarily based on diode. Many models have been proposed by various researchers; the simplest is the basic single-diode model. It comprises of a linear independent current source in parallel to a diode [1] [2] [3] [4] . The model only requires three parameters to completely characterize the I-V curve, namely short-circuit current (I sc ), open circuit voltage (V oc ) and diode ideality factor (a). An improvement of this model is done by the inclusion of one series resistance, R s [5] [6] [7] [8] [9] [10] . In literature, it is popularly known as the R s -model. Due to its simplicity and computational efficiency, the R s is by far the most widely used model in PV system simulation [6] . However it exhibits serious deficiencies when subjected to temperature variations; its accuracy is known to deteriorate at high temperature. Further extension of the R s -model, called as the R p -model, which includes an additional shunt resistance R p was introduced [11] [12] [13] [14] [15] . Although some improvement is achieved, this model demands significant computing effort because the parameters have been increased to five. Furthermore its accuracy deteriorates at low irradiance, especially in the vicinity of the open circuit voltage, V oc .
With the availability of today's vast computing power, more accurate (but complicated) PV models are proposed. One important example is the two-diode model, originally introduced by [16] . The inclusion of the additional diode increases the parameters from five (for R p -model) to seven. The main challenge now is to estimate the values of all the model parameters while maintaining a reasonable simulation time. The key is to realize an efficient and fast computation method to calculate the values of these parameters.
Several computational methods are proposed [17] [18] [19] [20] but in all these techniques, new additional coefficients are introduced into the equations, increasing their computational burdens. Furthermore difficulty arises in determining the initial values of the parameters; in some cases heuristic solutions need to be sought. Another approach to describe the two-diode model is by investigating its physical characteristics such as the electron diffusion coefficient, minority carrier's lifetime, intrinsic carrier density and other semiconductor parameters [21] [22] [23] [24] . Whilst these models can be helpful in understanding the physical behavior of the cell, information about the semiconductor is not always available in commercial PV datasheets. Hence a useful simulator using such model is not feasible because in majority of the cases, PV system designers are not equipped with the detail knowledge of the semiconductor processes.
Once the appropriate model and its computational model have been identified, a complete PV system simulation can be developed. A good PV simulation package should fulfill the following criteria: (1) it should be fast but can accurately predict the I-V and P-V characteristic curves; including special conditions such as partial shading (2) it should be a comprehensive tool to develop and validate the PV system design inclusive of the power converter and MPPT control. Although existing software packages like PSpice, PV-DesignPro, SolarPro, PVcad, and PVsyst are available in the market, they are expensive, unnecessarily complex and rarely support the interfacing of the PV arrays with power converters [25] .
Over the years, several researchers have studied the characteristics of PV modules under partial shading conditions [26, 27] . In [26] , an experimental work was undertaken to characterize the I-V curve during partial shading but the scope was limited to module-level shading. In a real PV generation system, a large number of modules are interconnected to form arrays; thus module-level shading would not be effective to investigate the shading phenomena. The effect of shading on the output of the PV modules and the associated change in their I-V characteristics was investigated in [27] . However, the I-V and P-V characteristics do not visualize the occurrence of multiple peaks, which are usually present in the I-V and P-V characteristics when subjected to partial shading. In another work, a numerical algorithm was proposed in [28] to simulate the complex characteristics of a PV array by representing each element (each cell of the module, bypass diode, blocking diode, etc.) with mathematical expressions. The results were found to be attractive but at the cost of complicated numerical computation, thus limiting its application to a small PV systems. A MATLAB based modeling to study the effects of partial shading in a PV array was proposed in [25] . However, the work utilized the R s -model. As stated earlier, the R s -model exhibits serious deficiencies when subjected to high temperature variations. This can be very crucial when simulation of large PV array system is required. In [29] , PSpice based modeling to study the effects of bypass diode configurations on PV modules was proposed. In this work, the authors used the conventional two-diode model with Bishop's model [30] . However, the model requires additional parameters to characterize the I-V and P-V curves, which in turn increases the computation burden.
In view on the importance of this issue, this paper proposes a practical modeling and simulation method, which can predict the I-V and P-V characteristics of large PV arrays. It can be used to study the effect of temperature and insolation variation, varying shading patterns, and the role of array configuration on the PV characteristics. The simulation is developed using the MATLAB environment. An important contribution of this work is the incorporation of the modified two-diode model as the main engine for the simulation. This model is known to have better accuracy, especially at low irradiance level. Despite its known advantages, previous researchers have avoided the use of the two-diode model, probably due to the significant increased in computational time. In this work, that problem is overcome by introducing an efficient computational method which requires only four parameters to characterize the I-V and P-V curves. In addition, the proposed work supports large array simulation that can be interfaced with MPPT algorithms and actual power electronic converters. The accurateness of the simulation model is compared with three modeling methods proposed by previous researchers, namely single-diode model [25] , P&O [31] , and Neural Network [32] . It is envisaged that the proposed work can be very useful for PV professionals who require simple, fast and accurate PV model to design their system.
PV model for partial shading

Two-diode model
The single-diode models [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] were based on the assumption that the recombination loss in the depletion region is absent. In a real solar cell, the recombination represents a substantial loss which cannot be adequately modeled using a single diode. Consideration of this loss leads to a more precise model known as the two-diode model [16] . However, the inclusion of the additional diode increases the parameters to seven (new parameters: I o2 , a 2 ).
The two-diode model is depicted in Fig. 1 [16] . Eq. (1) describes the output current of the cell:
where
where I PV is the current generated by the incidence of light, I o1 and I o2 are the reverse saturation currents of diode 1 and diode 2, V T1 (=a 1 Â N s kT/q) and V T2 (=a 2 Â N s kT/q) are the thermal voltages having N s cells connected in series, a 1 and a 2 represent the diode ideality constants, q is the electron charge (1.60217646 Â 10 À19 C), k is the Boltzmann constant (1.3806503 Â 10 À23 J/K), and T is the temperature of the p-n junction in K. In this work, current of the PV cell is used as the input of partial shading modeling. Therefore, Eq. (1) need to be expressed in terms of cell output voltage as:
Although greater accuracy can be achieved using this model, it requires the computation of seven parameters, namely I PV , I o1 , I o2 , R p , R s , a 1 and a 2 . To simplify computation effort, several researchers assumed a 1 = 1 and a 2 = 2. The latter is an approximation of the Schokley-Read-Hall recombination in the space charge layer in the photodiode [16] . Although this assumption is widely used but not always true [33] . As discussed in the introduction section, many attempts have been made to reduce the computational time of this model. However they appear to be unsatisfactory.
Improved computational method 2.2.1. Simplification of saturation current equation
The equation for PV current as a function of temperature and irradiance can be written as
where I PV STC (in Ampere) is the light generated current at Standard Test Conditions (STC), DT ¼ T À T STC (in Kelvin, T STC = 25°C), G is the surface irradiance of the cell and G STC (1000 W/m 2 ) is the irradiance at STC. The constant K i is the short-circuit current coefficient, normally provided by the manufacturer. The well known diode saturation current equation is given:
where E g is the band gap energy of the semiconductor and I 0;STC is the nominal saturation current at STC. An improved equation to describe the saturation current which considers the temperature variation is given by [15] :
The constant K v is the open circuit voltage coefficient. This value is available from the datasheet. For the two-diode model, several researchers have calculated the values of I o1 and I o2 using iteration. The iteration approach greatly increases the computation time, primarily due to the non-suitable values of the initial conditions [34] . In general, I o2 is 3-7 orders of magnitude larger than I o1 . Furthermore, most of the previous works consider the ideality factors a 1 = 1 and a 2 = 2. In this work, we propose a modification of Eq. (7) and apply it to the two-diode model. No attempt has been made to this equation to solve for the saturation currents. To maintain the equation in the same form as in Eq. (7), both reverse saturation currents I o1 , I o2 are set to be equal in magnitude, i.e. 
The equalization simplifies the computation as no iteration is required; the solution can be obtained analytically. Diode ideality factors a 1 and a 2 represent the diffusion and recombination current component, respectively. In accordance to Shockley's diffusion theory, the diffusion current, a 1 must be unity [16] . The value of a 2 , however, is flexible. Based on extensive simulation carried out, it is found that if a 2 P 1.2, the best match between the proposed model and practical I-V curve is observed. Since (a 1 + a 2 )/p = 1 and a 1 = 1, it follows that variable p can be chosen to be P 2.2. The following expression for I o1 , I o2 results:
This generalization can eliminate the ambiguity in selecting the values of a 1 and a 2 . Using Eqs. (5) and (8), five parameters of this model can be readily determined, i.e. I PV , I o1 , I o2, a 1 and a 2 .
Determination of R p and R s values
The remaining two parameters in Eq. (1), i.e. R p and R s are obtained through iteration. Several researchers have evaluated these two parameters independently, but the results are unsatisfactory. In this work, R p and R s are calculated simultaneously, similar to the procedure proposed in [15] . This approach has not been applied for two-diode model. The idea is maximum power point (P mp ) matching; i.e. to match the calculated peak power (P mp,C ) and the experimental (from manufacturer's datasheet) peak power (P mp,E ) by iteratively increasing the value of R s while simultaneously calculating the R p value. From Eq. (1) at maximum power point condition, the expression for R p can be rearranged and rewritten as
The initial conditions for both resistances are given below:
The initial value of R p is the slope of the line segment between short-circuit and the maximum power points. For every iteration, the value of R p is calculated simultaneously using Eq. (10) . With the availability of all the seven parameters, the output current of the cell can now be determined using the standard Newton-Raphson method. The flowchart that describes the P mp matching algorithm is given in Fig. 2 . Fig. 2 . Matching algorithm.
Partial shading modeling
A PV array is arrangement of several PV modules, connected in various interconnected topologies. Three types of interconnections structure are typically used namely, series-parallel (SP), bridge link (BL), and total cross tied (TCT). Fig. 3 depicts the aforementioned configurations for a 20 Â 3 PV array. For simplicity, four types of shading patterns, labeled A-D are shown. For the series connected modules in SP configuration, due to the partial shading condition, the optimum operating point (M pp ) is being forced to move from the non-shaded to the shaded module [35] . However, for the BL and TCT interconnections, due to the additional wires in the modules connections, new current paths are created and the PV output power can be increased under the non-uniform insolation conditions. This kind of connections can be useful under certain shading patterns [36] .
The characteristics of PV modules under shading conditions with bypass diodes connected at module terminal are explained as follows. In normal condition, i.e. when modules are not shaded, the bypass diodes are reversed biased. The current flows through each module, as shown in Fig. 4a . Under partially shaded conditions, the shaded cells behave as a load instead of generator and create the hot spot problem. The hot spot effect can be avoided by driving the current away from the nonshaded cells through a bypass diode as shown in Fig. 4b . In the shaded area, the bypass diode is in forward biased; therefore it conducts the current produced by the non-shaded part. Since the shaded modules are bypassed, multiple peaks in the I-V and P-V characteristics curves are created.
For a large PV array, the ability of the simulation tool to resolve partial shading problem is very crucial. This is due to the fact that in large array configuration, the likelihood for partial shading to occur is large. The flow chart in Fig. 5 shows the procedure to compute the I-V and P-V curves for any array size during partial shading. For simplicity, only SP configuration is modeled. Once the shading pattern and temperature of the modules are generated, a software routine will be executed which will carry out the following tasks: (1) determination of shading patterns and temperature for a particular shading group, (2) calculation of voltage and current for each group based on the two-diode model, subjected to a known shading pattern and (3) performing linear interpolation with extrapolation techniques to form the continuous I-V and P-V curves.
Results and discussion
Verification of two-diode model
The two-diode model described in this paper is validated by measured parameters of selected PV modules. The specifications of these modules are summarized in Table 1 . The computational results are compared with the R s [6] and R p [11] models. Table 2 shows the parameters for the proposed two-diode model. Although the model has more variables, the actual number of parameters computed are only four because I o1 = I o2 while a 1 and a 2 can be chosen arbitrarily from (8) .
For brevity only MSX-60 [37] and KC200GT [38] will be used in the model verification. The SM55 [39] will be included in the validation of partial shading modeling. Fig. 6 shows the I-V curves for a single KC200GT module for different levels of irradiation (per unit quantity: Sun = 1 equivalent to 1000 W/m 2 ). The calculated values from the proposed two-diode and R p -models are evaluated against measured data from the manufacturer's datasheet. Comparison to the R s -model is not included to avoid overcrowding of plot. However, the results for the R s -model will be analyzed later in the performance evaluation between the three models.
The proposed two-diode model and the R p -model exhibit similar results at STC. This is expected because both models use the similar maximum power matching algorithm to evaluate the model parameters at STC. However, as irradiance goes lower, more accurate results are obtained from the two-diode model, especially in the vicinity of the open circuit voltage. At V oc , the R p -model shows departure from the experimental data, suggesting that R p -model is inadequate when dealing with low irradiance level. This is envisaged to have significant implication during partial shading.
The performance of the models when subjected to temperature variation is considered next. All measurements are conducted at STC irradiance of 1000 W/m 2 . The proposed model is compared to the R s -model. The comparison specifically is chosen to highlight the significant problems with the R s -model when subjected to temperature variations. The R p -model is not shown for simplicity, but will be included later in the analysis that compares all the three models together. Two modules are tested, namely the KC200GT and MSX-60. As can be seen in Figs. 7 and 8 , respectively, the curves I-V computed by the twodiode model fit accurately to the experimental data for all temperature conditions. In contrast, at higher temperature, results from the R s -model deviates from the measured values quite significantly. Fig. 9a shows the absolute error of the all the three modeling methods with respect to the experimental data. The proposed model is compared to the single-diode model with R s [6] and R p [15] The extensive experimental verification above has proven that the two-diode model is superior that the single-diode model with R s and R p . This justifies its usage in a more complicated situation such as partial shading.
Validation of modeling for partial shading
In order to verify the accurateness of the proposed model for partial shading conditions, the result is compared with the work carried out in [32] . The latter is based on Artificial Neural Network. In [32] , a real-time PV emulator was designed to emulate P-V characteristics curves with a special focus on partial shading conditions. For the PV modules model, the P-V Several inhomogeneous irradiance distributions were used to investigate the behavior of the proposed system. For simplicity, only 20 Â 3 SP configuration is discussed here. However, it can be increase for any number M Â N array, where M and N represent the number of series and parallel modules, respectively. Four shading patterns are considered; they are depicted in Table 3 . For every curve, the evaluation is done at three different temperatures, i.e. 25°C, 50°C, and 75°C. Figs. 10 and 11 show the I-V and P-V characteristics curves for the shading patterns described above. It expected, the curves exhibit multiple number of peaks that are equal to the number of irradiance levels imposed on the array. However, more precisely, it depends on the temperature of the modules, the insolation level, the shading pattern, and the array configuration [25] .
In order to verify the accurateness of the proposed modeling approach comparison is made with 10 shading patterns. The results are shown in Tables 4-6 for temperatures at 25°, 50°and 75°, respectively. It can be seen that values obtained for V mp,G and P mp,G (global peak values) are in close agreement with the results [32] . Fig. 12 shows the relative error of P mp,G for the proposed and single-diode model. It can be observed that, in general, the proposed method gives comparable P mp,G errors to the single-diode method (less than 5%, except for a few cases).
Simulation with converter and controller
Another important aspect of the PV simulation model is the ability to interface with the power electronic converters. Table 3 .
Table 4
The V dc and P dc outputs of 20 Â 3 PV array under partially shaded conditions at 25°C. 
Conclusion
In this paper, a partial shading modeling based on an improved two-diode model is proposed. The proposed modeling supports large array simulation that can be interfaced with MPPT algorithms and actual power electronic converters. It is observed that the two-diode model is superior to the R p -and R s -models. The accurateness of the partial shading modeling is compared with the three types of modeling methods. Furthermore a PV system, together with the power converters and controllers are simulated. The results are found to be in close agreement with theoretical prediction. 
